A low pressure recombining Ar plasma to which mixtures of N 2 and O 2 were added has been studied to explore the relevance of surface related processes for the total chemistry. The abundances of the stable molecules N 2 , O 2 , NO, N 2 O and NO 2 have been measured by means of a combination of infrared tunable diode laser absorption spectroscopy and mass spectrometry.
Introduction
The interaction of reactive species, like atomic or molecular radicals, with a surface is a very general phenomenon. In plasma processing it is this interaction that leads to the modification of surfaces, i.e. deposition or etching [1] [2] [3] [4] . In astro-chemistry it has been recognized that ice or dust particles in the interstellar space act as third body in association processes in which not only hydrogen molecules are formed, but also larger molecules [5] . In plasma assisted conversion of gases, the surfaces of a reactor also play an important role [6] [7] [8] . For example Gatilova et al [9] studied the formation of NO in a low pressure N 2 /O 2 discharge. The authors focus mainly on the gas phase formation of NO, but recognize the importance of the surfaces of the plasma reactor. Castillo et al [10, 11] also conclude that mainly heterogeneous processes are responsible for the formation of NO.
In this paper the role of surface association reactions during the conversion of mixtures of N 2 and O 2 is in the centre of interest. Therefore a remote, recombining, low pressure argon plasma, produced by a cascaded arc (see also [12, 13] ) is used. This type of plasma exhibits a high dissociation efficiency. Furthermore, the contribution of excited particles to the total kinetics is low, because there is only convective power input into the plasma from the moment it expands from the cascaded arc into the reactor volume. In combination with the low working pressure, this creates a condition in which radical surface interactions can readily be addressed. N 2 and O 2 molecules are admixed to the argon expansion and are dissociated via charge exchange and subsequent dissociative recombination mainly into atomic radicals. The resulting steady state mole fractions of the stable molecules in the system (Ar, N 2 , O 2 , NO, N 2 O and NO 2 ) are measured by means of a combination of mass spectrometry and tunable diode laser absorption spectroscopy.
The relative importance of homogeneous interactions with respect to heterogeneous interactions is expected to vary significantly with the surface to volume ratio of the reactor and the pressure in the reactor. The effect of the pressure is investigated in this paper. Typical gas phase reaction rates between a stable molecule and a radical are reported to be in the range of 10 −18 m 3 /s (see the appendix). In general, the abundances of radicals in a plasma are orders of magnitude lower than the abundances of the stable molecules. When radical densities are a factor of 10 3 lower than the stable molecules, the gas phase reactions at a temperature of 1000 K can be expected to contribute to the chemistry at a partial pressure of N 2 and O 2 higher than 10 Pa. At this pressure a significant fraction of the stable molecules can be converted by these reactions within 1 s. The reaction rates of interactions between stable molecules are significantly lower, which implies that these types of interactions become dominant at even higher pressures. We will investigate the conversion of N 2 and O 2 at different partial pressures of N 2 and O 2 in the range of 1 -40 Pa to find indications for a difference in conversion between mainly homogeneous interactions at high pressure and mainly heterogeneous interactions at low pressure. Furthermore, the behavior of the formation of NO at low admixed O 2 fractions is scrutinised. For these conditions, a kind of threshold behavior in the formation of NO may be observed similar to the work of Nahorny et al [14] and Dilecce et al [15] .
After a short introduction of the setup, the diagnostics and the expanding plasma in section 2, 3 and 4 respectively, the chemical model is presented in section 5. The measurements of the molecular densities for different plasma conditions are discussed in section 6 and summarized in the last section.
Experimental setup
The setup, which is sketched in figure 1 , has a cascaded arc as remote plasma source, which consists of a stack of four copper plates with a central bore (∅ = 4 mm), through which the working gas (argon at a flow of 3000 standard cubic centimeters per minute, sccm) is directed. A discharge is maintained between cathode tip and anode plate, at a current setting between I = 45 A and I = 75 A, which results in ionization of a significant fraction of the working gas: in case argon is used around 10 -15 % of the gas is ionized [16] . The copper plates are electrically insulated from each other, which stabilizes the discharge. During operation of the plasma source, the pressure in the arc channel is sub-atmospheric and in the relatively small volume of the arc channel (0.3 cm 3 ), the power input can reach values up to 10 kW. The mixture of atoms, ions and electrons flows through a nozzle and expands supersonically into the vessel. The stainless steel vessel has a diameter of 0.32 m and is 1.0 m long and is typically kept at a pressure of p = 20 Pa by a 3-stage pumping system. The pressure is monitored by three pressure sensors (a Baratron and two wide-range sensors), which are installed on top of the reactor. 
Diagnostics
A compact and transportable InfraRed Multicomponent Acquisition system (irma), which is based on mid-infrared absorption spectroscopy has been installed [17] . It contains four helium cooled independently tunable lead-salt diode lasers which can be temporally multiplexed. Rapid scan software with real-time line shape analysis provides simultaneous measurements of the absolute concentrations of several molecular species. In table 1 the types of molecules that are detected with this diagnostic are summarized, with the transition frequencies at which the analysis is performed. The light beam of the diode lasers is directed through the plasma vessel twice via tubes that are directly connected to the vessel as sketched in figure 1 . This ensures that the composition of the background gas is determined, and the absorption path length is 1.62 m. The laser light is directed to a mercury cadmium telluride detector (MCT, Graseby Infrared).
The instrumental broadening of the diode laser system is about 0.001 cm −1 , and by scanning the temperature and current of the laser, a spectral range of approximately 100 cm −1 can be achieved. The laser light output power is in the order of several hundred µW.
The hitran database [18] provides information on the line strengths, and by means of an advanced forward fitting implementation, the concentration is calculated real-time. The raw data of a typical absorption spectrum as a function of the laser current is shown in figure 2. Ramping the current through the laser diode at a constant operating temperature sweeps the laser frequency. A spectral region of approximately 1 cm −1 may be covered by means of an entire current ramp. One current ramp is performed in approximately 1 ms. The time resolution that is achieved in the measurements presented in this paper, including the fitting procedure and averaging is 10 ms.
In figure 2 , in the range of one current ramp, absorption lines of both NO (1884.3 cm −1 ) and H 2 O (1884.6 cm −1 ) in an N 2 /O 2 /H 2 plasma can be recognized. The H 2 O absorption in a plasma reactor at low pressure is superimposed on a very broad absorption feature, caused by atmospheric H 2 O. The spectral feature attributed to NO consists of more than 20 different transitions, and the ratio between the absorption lines changes with temperature. By a careful analysis of this ratio, the gas temperature can be estimated.
The integrated absorption of the spectral features is directly related to the concentration of the type of molecules under investigation. The spectral line intensities of the transitions serve as the scaling factor for the concentrations and are tabulated in the hitran database (2004 edition [18] ).
The accuracy of the absorption measurements is mainly limited by uncertainties in the temperature profile over the path length of the laser light through the plasma reactor, and is typically 10 %. The mimimum detectable mole fractions vary for the different types of species. The minimum detectable absorption was about 10 −3 which corresponds to a fractional detection limit down to 10 −5 for the experiments and species described in this paper.
Also a quadrupole mass spectrometer (QMA 430, Balzers) with a secondary electron multiplier was installed at the beginning of the pump line and is thus probing the stable species (Ar, N 2 , O 2 , NO, N 2 O and NO 2 ) present in the vessel [1, 19] . The minimum detectable mole fractions in the experiments described in this paper are in the order of 10 −5 -10 −4 .
Physical processes in the expanding plasma
The argon plasma, which is created in the cascaded arc channel, expands supersonically into the vessel. Due to the fast expansion into the reactor, the gas temperature and the electron temperature drop rapidly. The gas temperature drops from approximately 5000 K (0.4 eV) at the start of the expansion, down to 450 K (0.04 eV) in the background of the reactor. The electron temperature reduces from 1 eV at the start of the expansion down to 0.2 eV downstream after the stationary shock.
The feedstock gases (mixtures of N 2 and O 2 ) are injected directly into the reactor and they mix efficiently with the expansion [20] . Due to the low electron temperature, direct electron-impact ionization or dissociation reactions are not efficient. In the expansion, the feedstock gases are dissociated by charge transfer and subsequent dissociative recombination mainly into atomic radicals. For example, the dissociation of N 2 molecules occurs via:
where N * represents one of the two excited states ( 2 P, 2 D) of the N atom (see also [21] ). An extra pathway of dissociating molecules in the reactor is via reactions with oxygen and nitrogen atomic radicals, e.g. N + NO → N 2 + O and N+O 2 →NO+O. The radicals, produced in the expansion, flow through the reactor, and recombine before they are pumped away. By means of a Direct Simulation Monte Carlo (DSMC, [22] ), the flow pattern and temperature distribution are calculated. For a hot argon gas with an initial temperature of 5000 K, expanding from the cascaded arc, the resulting temperature distribution in the reactor is shown in figure 3 . Furthermore, the calculated flow pattern shows a strong recirculation cell in the reactor, that extends from the plasma source until halfway the reactor. The velocity profile is also sketched in the inset in figure 3. Our results are in good agreement with the results of Selezneva et al [23] , who used a hybrid fluid-DSMC model.
In the results of the Monte Carlo simulation, five different parts can be discriminated, based on the calculated temperature distribution in the reactor. The rate of production of the various gas phase interactions that are possible between the species present in the reactor, depends strongly on the temperature. Therefore these parts of the reactor are considered separately in the analysis in this paper: I) the supersonic expansion, including the stationary shock, where the feedstock gases mix efficiently with the expansion [20, 24] , II) the subsonic expansion, III) the hot part of the background, where the feedstock gases are injected into the reactor, IV) the cold part of the background and V) the part where the measurements are performed. In parts III and IV (part of the) recirculation cell is present. A fraction of the hot and cold background gases is directed towards part V. The division of the system into these five parts is sketched in figure 3 .
CHEMKIN model
A model has been developed for this plasma system, which is based on a combination of five zero-dimensional modules. For each part, the temperature, pressure, input flow, output flow and recirculation ratios are specified, based on the DSMC calculations. The solver of the commercial software package CHEMKIN [25] is used to perform the calculations involved.
Recycling of the species in the reactor between the different parts of the reactor influences the corresponding residence times. In figure 4 , the different parts in the reactor are depicted, and the numbers denote the flow between them, normalized to the inlet flow of argon through the cascaded arc (3000 sccm). The residence time τ res , temperature T of the gas and the volume V of each part, are given in table 2 for the flow settings used in the experiments that will be described in detail in section 6.1. The shock position, and thus the length of the supersonic expansion, varies between 3 cm at 3000 sccm Ar and a background pressure of p = 100 Pa and 10 cm at 3000 sccm Ar and a background pressure of p = 20 Pa. Because the temperature in this region is high, and the flow of admixed gases in all studied cases is high, the residence time in part I is relatively low and the kinetics in this part are expected to play only a minor role compared to the total kinetics in the system. Variations in the size of the subsonic expansion are also believed to play only a minor role to the total kinetics in the system. Therefore the volumes of the different parts are kept equal for all studied pressures.
The set of chemical reactions involving molecules containing N and O atoms, is selected from Capitelli et al [26] and is supplemented with charge exchange and dissociative recombination reactions [27] . In the simulation program, we identified 17 reactions contributing at least for a fraction of 10 −3 to the production or destruction of the stable molecules present in the plasma. The reactions with their rate constants are summarized in the appendix.
In the simulations we do not explicitly take into account excited N atoms, although they are known to be produced by dissociative recombination via reaction 2. These excited atoms are de-excited mainly by collisions with NO or O 2 molecules, and as a result their lifetime is in the order of 10 −4 s at a pressure of p = 100 Pa. Though, the rate of progress of N+O 2 →NO+O is known to be significantly faster with excited N atoms than with N atoms in the ground state [28, 29] . Therefore we implement a rate constant for this reaction which is a factor of five larger than reported by Capitelli et al [26] .
The starting conditions of the simulation can be summarized as:
(i) a fixed inflow of 2550 sccm Ar, 450 sccm Ar + and an equal flow of electrons from the cascaded arc into zone 1 (see also [16] ), (ii) the studied mixture of N 2 and O 2 is injected into zone 3, (iii) the number of zero-dimensional plasma zones is determined from the DSMC calculations as described in the previous section, together with the temperature in each plasma zone and the flows between the different plasma zones. The measurements are presented for two different pressures, to investigate the possible influence of heterogeneous processes.
Results and discussion
In figure 5 , the measured mole fractions of Ar, N 2 , O 2 , NO, N 2 O and NO 2 are plotted on a semi-logarithmic scale. All the species are measured with the quadrupole mass spectrometer. Furthermore, NO and N 2 O are measured by infrared absorption spectroscopy, which provides direct in-situ results. The results for NO and N 2 O from mass spectroscopy and tunable diode laser absorption spectroscopy measurements showed good agreement: within 10 %.
At both background pressures in which experiments have been performed the molecules N 2 and O 2 were dominantly present (cf. Figure 5 and 6) . The abundances of the other types of molecules (NO, NO 2 and N 2 O) are one to three orders of magnitude lower. Remarkable is the maximum abundance of NO: it is independent of pressure and reaches a fraction of 10 −2 of the total pressure (see also [30] ). Contrary to NO, the abundance of N 2 O and NO 2 decreases significantly with an increase of pressure.
Simulated volume interactions
In figure 6 , the measured mole fractions of Ar, N 2 , O 2 , NO, N 2 O and NO 2 are plotted for the same conditions as presented in figure 5 (a) and 5(b). The results of the complementary Chemkin calculations, in which only gas phase (homogeneous) interactions are taken into account, are also shown in figure 6 . The abundances of Ar and N 2 are reproduced by the model. The calculated mole fraction of O 2 is lower than the measured one at all flow ratios. The main reason is the absence of an effective volume loss channel for O atoms in the model. This leads to an unrealistically high calculated oxygen atom abundance in the reactor, up to a mole fraction of 6 × 10 −2 . The model also predicts that a small amount of NO is formed in the gas phase, especially at high fractions of admixed O 2 . However, the trend of the calculated density as function of the flow ratio does not agree with the measured trend. And for low oxygen flows the calculated NO mole fractions are orders of magnitude lower than the measured ones. The abundances of the molecules N 2 O and NO 2 are calculated to be smaller than 10 −8 , which is several orders of magnitude lower than measured.
It is clear that for both series of measurements presented in figure 6 , significant discrepancies between calculated and measured mole fractions are observed. Since not only the trends but also the absolute values of the mole fractions are not in agreement with the results of the CHEMKIN model in which only homogeneous interactions are taken into account, we conclude that heterogeneous interactions play an important role in the conversion of N 2 and O 2 .
Threshold behavior of NO production
In figure 5(b) , we observe a threshold behavior in the formation of NO for relatively low admixed O 2 fractions: the NO mole fraction becomes only significant for an admixed O 2 fraction higher than 10 %. This effect is also observed in for example the work of Nahorny et al [14] and Dilecce et al [15] . To investigate this threshold behavior in our system in more detail, the effective fraction of NO is presented as a function of the admixed fraction of O 2 . The effective fraction represents the mole fraction, based on all the types of species in the reactor, except argon. It is calculated by multiplying the measured mole fraction of NO by the ratio of the total injected flows and the admixed flows of N 2 and O 2 . In figure 7 , the effective mole fractions are plotted for three different pressures: Figure 6 . The mole fraction of the measured molecules in the plasma (symbols) as function of the flow ratio of O 2 over the total flow of the injected gas mixture of N 2 and O 2 . A flow of 3000 sccm argon is injected through the cascaded arc into the reactor, and a flow of 1800 sccm of the injected gas mixture of N 2 and O 2 is injected directly into the reactor. The lines indicate the calculated mole fractions of Ar, N 2 , O 2 and NO based on purely homegeneous interactions. The results are given for a) p = 20 Pa and b) p = 100 Pa. p = 9, 20 and 100 Pa. To achieve the lowest pressure, i.e. p = 9 Pa, the total flow of Ar, N 2 and O 2 was decreased by a factor of two, to 2400 sccm, which resulted in a partial pressure of the injected N 2 and O 2 of 3 Pa. The threshold behavior becomes more pronounced for higher pressures. At higher pressures, gas phase interactions will influence the plasma chemistry more than heterogeneous interactions. The pressure dependence of this threshold suggests that heterogeneous interactions are responsible for cancelling the threshold effect.
The results of the previous calculations in which only homogeneous reactions are taken into account (see figure 6 ), seem to underpin this reasoning. A clear threshold behavior can be observed in figure 6 . However, the admixed O 2 fraction at which For p = 20 Pa and p = 100 Pa, a flow of 3000 sccm Ar and 1800 sccm of mixtures of N 2 and O 2 are admixed. For p = 9 Pa, the total flow was decreased by a factor of two.
the mole fraction of NO starts to increase drastically, is much higher than during the measurements (see figure 7 ). For p = 20 Pa, the NO mole fraction is smaller than 10 −5 for admixed O 2 fractions up to 0.10, and for p = 100 Pa for admixed O 2 fractions up to 0.20. This shift to higher admixed O 2 fractions may be explained by an overestimated N atom density in the calculations (not plotted). In the calculations presented in figure 6 , the N atom density for the conditions at low admixed O 2 fractions, is high compared to the O 2 density. In that case NO is produced through N + O 2 → NO + O, but the high abundance of N atoms results in the immediate destruction of NO via N + NO → N 2 + O. In the gas phase simulations, the destruction of NO proceeds too fast to explain the measured NO abundance. Since heterogeneous processes are not taken into account in the calculations, the loss of N atoms is highly underestimated. Consequently, the density of N atoms is considerably overestimated and so is the destruction rate for NO. Including heterogeneous processes in the calculations will reduce the pronounced threshold effect that appears in the gas phase model. The implementation of heterogeneous processes in the model will be treated in detail in our next paper.
Molecule formation at low effective pressure
To be able to distinguish even more between the effects of heterogeneous and homegeneous processes, we also performed measurements on mixtures of N 2 and O 2 at a low effective pressure. In this case, the follow-up reactions in the volume of the reactor between surface produced species and radicals in the gas phase should be less significant with respect to the total kinetics in the plasma.
Mixtures of N 2 and O 2 were admixed to an argon/helium expansion at a pressure of The pressure is set to p = 6 Pa and the current through the cascaded arc channel I = 75 A. p = 6 Pa. Since a relatively large amount of He was admixed, the diffusion of particles in the plasma towards the walls of the reactor proceeded faster because of the relatively low mass of He atoms. Furthermore, the partial pressure of the molecules of interest was significantly lower than in the experiments described in the previous section. This implies that the follow-up reactions between surface produced molecules and radicals is less important. A combination of 300 sccm Ar and 1500 sccm He is directed through the arc. A total flow of 200 sccm N 2 + O 2 is injected into the background of the reactor and mixes with the Ar/He expansion. The fraction of admixed O 2 of the total admixed O 2 and N 2 flow is varied from zero, i.e. pure N 2 flow, to one, i.e. pure O 2 flow. The pressure in the reactor is kept at p = 6 Pa and if the admixed gases mix perfectly with the expansion, the total flow of N 2 and O 2 can entirely be dissociated in the expansion by charge exchange and subsequent dissociative recombination. At these flow settings, p N 2 +O 2 = 1 Pa, which is a factor of 40 lower than in the experiments performed at p = 100 Pa as displayed in figure 6(b) .
The mole fraction of the measured types of molecules is given in figure 8 . Also in this experiment, mainly N 2 and O 2 are observed. The abundances of the other types of molecules (NO, N 2 O and NO 2 ) are two to three orders of magnitude lower than the abundances of N 2 and O 2 . Only for admixed O 2 fractions higher than 0.7, the observed ratio between the abundance of NO and N 2 is comparable to the measurements at higher pressures. For this range of high O 2 partial pressures homogeneous reactions can explain the observed behavior even at these low pressures.
The ratios between the abundances of NO 2 to NO and N 2 O to NO are higher than in figure 5 . This indicates faster formation rates or slower destruction rates of N 2 O and NO 2 . At this point we cannot discriminate between these two effects. It is very likely that heterogeneous effects play a role, because in our gas phase simulations we do not observe significant production of NO 2 and N 2 O for low admixed fractions of O 2 , whereas the measured abundances of N 2 O and NO 2 seem to increase at lower pressures.
Furthermore, the threshold behavior in NO is absent at this low effective pressure. This is consistent with the results from the previous section, where the threshold behavior was most pronounced at the highest studied pressures.
Conclusions
To explore the contribution of surface related processes to the total kinetics in a low pressure recombining plasma, we measured the abundances of the stable molecules in N 2 /O 2 containing discharges for a variety of conditions by means of mass spectrometry and tunable diode laser absorption spectroscopy. A simulation has been developed in chemkin, that takes into account the gas phase chemistry.
The homogeneous interactions can explain the measured abundances of the stable molecules reasonably well for total partial pressures of N 2 and O 2 higher than 38 Pa and for a relatively high admixture of O 2 . For lower total partial pressures, significant deviations arise between measured and simulated gas composition. Extra loss channels for O and N atoms should be introduced, especially for admixed O 2 fractions lower than 0.2, most likely in the form of heterogeneous interactions. An extra loss channel for O atoms would increase the calculated O 2 density. An extra loss channel for N atoms reduces the predicted threshold effect for NO.
In our next paper we describe the development of a module in CHEMKIN that takes heterogeneous interactions (surface adsorbption, surface desorption, Ely-Rideal, Langmuir-Hinshelwood and recirculation of surface-produced species into the plasma volume) into account and we investigate, quantitatively, the contributions of these interactions to the overall plasma chemistry. 
